Microsatellite DNA markers were developed from a peregrine falcon ( Falco peregrinus ) and genetic relationships among peregrine falcons in southern Norway were analysed using the markers. The genomic DNA library was screened for the presence of dinucleotide microsatellite repeats. Twelve loci revealed polymorphism through the initial analysis of 24 unrelated peregrine falcons, and Mendelian inheritance was confirmed in two peregrine falcon families bred in captivity. The estimated mean probability of identical genotypes in two unrelated individuals was 3 × × × × 10 − − − − 8 , and the combined exclusion probability for parentage testing was 0.99 and 0.94 for one or both parents unknown, respectively. The markers were used to investigate the parentage of peregrine broods from the same nest site from different breeding seasons, and subsequently the nest-site fidelity of the breeding peregrines. High nest-site fidelity was found by studying pairwise comparisons of relatedness ( r xy ) estimates among chicks at six nest sites from three different breeding seasons. Cross-species amplifications showed that most loci also appeared to amplify polymorphic products in the gyrfalcon ( F. rusticolus ), merlin ( F. columbarius ), hobby ( F. subbuteo ) and kestrel ( F. tinnunculus ), demonstrating that the loci will provide powerful genetic markers in these falcons too.
Introduction
The peregrine falcon has an almost world-wide distribution, and is only absent from large parts of South America, the desert regions and parts of the Arctic. Populations of the peregrine falcon in the northern hemisphere fell dramatically from the 1950s to the 1970s (Fyfe et al . 1976) . The peregrine falcon is included in the CITES list of endangered species (the Washington Convention on International Trade in Endangered Species of Wild Fauna and Flora). This means that import or export to or from the more than 140 member countries is not allowed without a special permit, and that only specimens bred in captivity may be traded. Hence, for both forensic and for management purposes, there is an urgent need for molecular tools that can resolve genetic relationships between individuals. Molecular tools previously applied to falcons include RFLPs (restriction fragment length polymorphisms; Longmire 1988; Máthé et al . 1993; Rychlík et al . 1994 ) and minisatellites Parkin & May 1993; Wetton & Parkin 1997) . However, microsatellite markers are considered to be more attractive for this purpose because of features such as their high variability, their abundance in the genome and the polymerase chain reaction (PCR)-based typing procedure, and they are increasingly being used for assessment of parentage and genetic relationship. Microsatellites isolated from a number of avian species confirm that they are a useful tool for studying population structure and relatedness (Ellegren 1992; can be used as a DNA source for genetic typing using these markers, thus opening up further possibilities for the forensic application of these markers in birds (Ellegren 1992 ).
Here we report on genetic relationships among peregrine falcons using 12 newly developed microsatellite markers from that species to study the nest-site fidelity of breeding peregrines in southern Norway. Management of this endangered species requires knowledge of population structure and the breeding pairs, and an important associated question is whether the same parents are hacking at the same nest site over several years. This was investigated by comparing relatedness analyses of fullsibs, unrelated individuals and potential full-sibs from the same nest site from different breeding seasons. The potential use of these markers in parentage and identity testing was also evaluated, as such testing may be an important tool against trade in falcons bred in the wild. Cross-species amplification analyses were performed in four other falcon species: the gyrfalcon ( Falco rusticolus ), merlin ( F. columbarius ), hobby ( F. subbuteo ) and kestrel ( F. tinnunculus ), and two more distantly related raptors: the golden eagle ( Aquila chrysaetos ) and osprey ( Pandion haliaetus ), further described in Appendices I and II.
Materials and methods

Clone isolation
Peregrine falcon DNA isolated from muscle tissue from a single female was digested with Hae III, Rsa I, Eco R V and Dra I, and a size-selected library was constructed. Fragments ranging in size from 300 to 500 bp were isolated from a 1% agarose gel using the Gene Clean kit (Bio 101). The fragments were inserted into the Bam H1 site of the phagemid pBluescript-SK+ (Stratagene), and transformed into competent Epicuran Coli® XL2-Blue MRF cells (Stratagene) following the manufacturer's recommendation. The library was screened for the presence of microsatellite-containing clones by filter hybridization with a 32 P end-labelled (GT) 10 oligonucleotide. Positive clones identified in the first round of screening were restreaked and screened for a second time. Plasmids from positive clones after the second screening were isolated by the QIAprep Spin Plasmid Kit (Qiagen) and sequenced on an automated DNA sequencing machine (ABI PRISM 377, Perkin-Elmer) with standard sequencing primers. (Biolab) . The microsatellite loci were amplified by PCR using a Gene Amp 9600 (Perkin-Elmer). The cycling conditions for all the primers were 4 min at 94 ° C, followed by 30 cycles of 40 s at 94 ° C, 40 s at 55 ° C and 40 s at 72 ° C, and then 5 min at 72 ° C. The products from the amplification were mixed with a formamide loading buffer, heated to 90 ° C and separated in 6% denaturing polyacrylamide gels. The gels were run at 65 W for 2-3 h. After electrophoresis, the gels were dried and amplification products visualized by autoradiography. Allele sizes were determined by comparing with a 35 Slabelled M13 DNA standard sequencing ladder. Amplification of the cloned locus also aided in size determination and served as a positive control.
PCR analysis and conditions
Samples
The primers were first tested for positive amplification in runs using material from three peregrine falcons. The primers that gave a product of the expected size were then tested for variability on DNA isolated from 24 supposedly unrelated Scandinavian peregrine falcons, 12 from northern Sweden and 12 from southern Norway (11 males and 13 females) in order to investigate their usefulness in the further relationship analysis. Except for three muscle tissue samples from adults, all samples were of blood collected from nestlings (one nestling from each brood). To investigate the inheritance pattern of the microsatellites, typing was carried out on two complete families raised in captivity.
In order to determine how accurately one can discriminate between full-sibs and unrelated individuals, blood samples of siblings were analysed using the markers. Chicks from six different nest sites in southern Norway sampled in three different breeding seasons (1993, 1994 and 1996) were included. From this material, pairwise relatedness comparisons of 64 dyads of full-sibs (assuming no extra-pair paternity) were performed. Nest-site fidelity was studied by comparing chicks from the same nest site, but sampled in different breeding seasons. If the alleles found among the chicks did not reveal a new parent, pairwise relatedness comparisons were performed in order to investigate whether they could be real fullsibs. Pairwise relatedness values between the 24 unrelated peregrines were used for comparison. DNA from all samples was isolated by standard phenol-chloroform procedures.
Data analysis
The electrophoretic data were analysed for allelic frequency and heterozygosity using the computer program cervus (Marshall et al . 1998 ). The computer program was also used to calculate the average probability of excluding a single randomly chosen unrelated individual from parentage both in the presence and in the absence of genetic information on the other parent at each locus. The combined exclusion probabilities at all loci were also calculated. The mean probability that two unrelated individuals would carry the same genotype by chance was calculated for each marker according to Paetkau et al . (1995) . The Hardy-Weinberg exact test for each locus was performed by the computer program genepop (Raymond & Rousset 1995) .
Pairwise relatedness ( r xy ) values were measured by Queller & Goodnight's (1989) statistic, which is an unbiased estimate of the true relatedness between x and y . This statistic takes advantage of knowledge of population allele frequencies to weight matches by the matching allele's frequency in the population, and was calculated by the program relatedness 5.0. The expected values are 0.5 among full-sibs, 0.25 among half-sibs and 0 among unrelated individuals. The probability that a dyad will be misclassified as siblings or unrelated depends on the shape of the two distributions and the cut-off value for classification.
Results
Microsatellite library
The DNA library contained about 20 000 recombinant clones, 55 of which were positive for the presence of dinucleotide microsatellite repeats after the second screening. Sequencing the plasmids isolated from these clones gave 19 loci containing at least nine dinucleotide repeats. One was a perfect adenine -thymine (AT) n repeat, four were guanine -thymine (GT) n repeats and the others were cytosine -adenine (CA) n repeats.
PCR amplification and variability
Primers were synthesized for all 19 loci. Only one primer set did fail to give an amplification product of the expected size. In some, there were problems such as barely detectable bands, the same banding pattern in all individuals and products that appeared only in some individuals. Twelve primer sets successfully amplified the target sequence and showed polymorphism. The repeat structures, primer compositions, heterozygosity, exclusionary power for parentage testing with one or both parents unknown and identity probability for each polymorphic locus are listed in Table 1 . The number of alleles per locus ranged from two to 11 with a mean of 4.25. The mean expected and observed heterozygosity per locus was 0.51 and 0.45, respectively. The total parentage exclusion probability was calculated to be 0.94 and 0.99 for the first and the second parent, respectively. The total probability that two unrelated individuals would carry the same genotype was calculated to be 3 × 10 − 8 . Deviation from Hardy-Weinberg equilibrium was significant for the two loci NVH fp92-1 and NVH fp107. The Hardy-Weinberg test for heterozygote deficit in these two loci was significant at P < 0.01. Mendelian inheritance was verified for all 12 loci in the peregrine falcon family material, and no mutations were recorded. These results verified that the markers are suitable for relationship analyses.
Relationship
Analyses of chicks from the six nest sites in three breeding seasons detected only one nesting place where substitution of parents was confirmed on the basis of allele observations. Three loci revealed the replacement of a parent, and one of these confirmed that both parents were new. Chicks from this brood were excluded as potential siblings of the other broods from the same nest site.
The pairwise relatedness values among full-sibs (from the same brood) and among potential full-sibs (from different breeding seasons at the same nest site) gave similarly shaped distributions with mean values (standard deviation (SD) ) of 0.52 (0.2) and 0.56 (0.18), respectively. The mean values were above the theoretically expected value of 0.5. This indicates that the potential siblings may be regarded as real full-sibs, giving a total of 218 possible pairwise full-sib comparisons. The distribution of relatedness values among these siblings and among the unrelated individuals is shown in Fig. 1 . In the relatedness comparisons within nest sites with no confirmed substitution of parents, all mean values were above 0.35, which excludes the possibility that the offspring were unrelated with more than 95% confidence. Mean values for seven of the total 11 nest-site comparisons were above the cut-off value, which excludes the possibility that they were unrelated at the 99% confidence level.
Discussion
Here we describe the analysis of relationships, parentage and identity testing in the peregrine falcon, using a new set of highly polymorphic microsatellite markers. Nest-site fidelity is an important factor for population structure, and in our study of 18 possible replacements (including the year with no data), only one was confirmed. Although there is a possibility of not detecting the replacement of only one parent, which will result in half-sib chicks, the results still confirm that peregrines show high nest-site fidelity in the area studied.
Since 1988, all known peregrine falcon broods in southwestern Sweden and southeastern Norway have been colour-ringed. As a result, more than 70% of all breeding adults in the present study years had coloured rings. The identification of breeding adults at the six localities agreed fully with the genetic analysis of parental site fidelity, but the individual numbers were not identifiable in the living birds, only the colours which identify the natal year and the country. At four of the five nest sites with no confirmed parent substitution, both parents were identified by coloured rings in all three breeding seasons. At the fifth site, the male was unringed and the female had a single metal ring in all breeding seasons. At the site where the genetic analyses revealed substitution of both parents in 1996, observations revealed that the male was colour-ringed and the female unringed in the first two seasons, and that new colour-ringed parents were present in 1996. These results demonstrate that the genetic analysis of nestlings is an adequate method for studying nest-site fidelity, also in areas where breeding birds are unringed. Blouin et al. (1996) showed that both the numbers of loci and the average heterozygosity have a strong effect on the misclassification rate, especially as regards to discrimination between full-sibs and half-sibs. They indicated that 40 loci with H E = 0.75 are required to achieve 90% accuracy in discriminating between full-sibs and half-sibs. It would thus be possible to exclude one-parent replacement at a higher confidence level by scoring more loci.
The ability to discriminate between unrelated and fullsibs will also be a useful tool for producing evidence when people take nestlings from falcon nest sites to keep or sell for falconry. This will make it possible to connect the stolen nestling to a particular nest site by comparison with the other siblings, an important point as parent data are usually unavailable. The cut-off value for assigning individuals to one of the categories will depend on the reason for the comparison, which may be either to verify pairs of siblings at a certain confidence level, or in captivebreeding programmes to arrange matings that minimize inbreeding in the absence of pedigree data.
The resolving power for parentage analysis using these markers will depend on whether or not the alleles are inherited with a significant element of mutation to new length alleles, and on the presence of null alleles. Estimates of the frequencies of mutations and null alleles require large-family material. When no family material is available, null alleles may be indicated by observed deviations from Hardy-Weinberg equilibrium in the form of heterozygote deficiency (Chakraborty et al. 1992 ). This requires a fairly large sample size if the null allele is rare. In our study no mutations were recorded in the family material. But in the analysis of the unrelated individuals, two loci showed deviation from Hardy-Weinberg equilibrium, which can be an indicator of problems in genotyping the loci caused by the presence of null alleles. Alternatively, it may indicate that the sampled population is genetically subdivided.
The present study shows that the detection of sufficient numbers of variable loci will allow very precise paternity and maternity testing. In most countries falconry is a legal sport as long as they use falcons from captive breeding. A certification system, based on obligatory parentage testing of all young falcons bred in captivity using microsatellite markers, could be an effective tool against trade in falcons bred in the wild. The probability of two individuals carrying the same genotype by chance is very small for all the falcon species tested, confirming that microsatellite data may be important evidence in verifying whether material found in different places originates from the same individual. In this way, a single feather may be linked to a specific individual. This study is part of Marit Nesje's PhD thesis on the molecular genetic study of falcons with the focus on wildlife forensics, supervised by Knut H. Røed who works on population genetics in both wild and domestic animals. Jan T. Lifjeld works on avian mating systems and population genetic structure. Peter Lindberg is involved in population studies, pesticide monitoring programmes and fauna conservation projects of the peregrine falcon and the gyrfalcon in Sweden. Odd Frydenlund Steen is the leader of the peregrine falcon project in southeastern Norway.
